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INTRODUCTION 
 

The process in which a part or component is placed in between a radiation source and 
detector for computed tomography (CT) appears as a simplistic step in setting up an inspection.  
However, in some cases the part may be asymmetric and affect the dose or exposure that reaches 
the detector during the acquisition cycle where the total attenuation over the field of view (FOV) 
changes significantly.  In other instances, the exterior of the part may be symmetric but the internal 
components may not be.  In which case, the design could drastically affect the exposure in certain 
regions of interest (ROI) and reduce the number of projections that sufficiently detect or account for 
the materials inside.  As the complexity of an inspection piece increases additional considerations 
are needed in order to obtain the best possible information during the acquisition and reconstruction 
process.  The manner in which the part is orientated can have significant impacts in the achieved 
contrast and spatial resolution components of the data. This paper is designed to provide a general 
understanding on these impacts and how to assess certain situations or setup considerations prior to 
finalizing a technique and performing a complete CT examination of the product. 

 
 

CONCEPTS OF ATTENUATION IN DIFFERENT PART SETUPS 
 
Paths of Attenuation 
 

The path in which an x-ray photon or series of photons passes through an inspection piece, 
its total attenuation, and the total amount of radiation that results at the point of conversion within a 
detector provides the primary information on the quality of an image.  Other variables have 
significant impacts as well such as scatter, initial radiation quality, and beam hardening just to name 
a few.  However, assuming an ideal case, the change in the dose through the part will dictate image 
quality.  This means the manner in which the radiation is passed through the exterior and interior of 
the part varies the degree of how sensitive the image quality is or can be relative to signal and 
contrast.  Using a basic example, assume there is an elongated square rod that is placed on the 
rotating turntable of a CT inspection system being prepared for examination.  Given that the rod is 
positioned so that the long axis is vertical (standing upright) and one side of the square is parallel 
with the detector, the attenuation of any one photon will only vary slightly during the rotation and 
acquisition of the rod.  Figure 1 shows possible ray paths through the square rod during the rotation.  
If the rod were cylindrical in shape, the attenuation would be the same throughout due to its 
symmetry, similar to what is shown in figure 2.  Now consider the orientation where the square rod 
was place horizontally on the turntable where the center or rotation was about the short axis of the 
inspection piece.  This concept can be seen in figure 3 where the range of material thickness varies 
more drastically than the setup in figure 1.   
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Figure 1 
Ray traces of photons passing through a vertically positioned (upright) square rod during rotation 

within a CT acquisition sequence 
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Figure 2 
Ray traces of photons passing through an upright cylindrical rod during rotation within a CT 

acquisition sequence 
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Figure 3 
Ray traces of photons passing through a horizontally positioned square rod during rotation within a 

CT acquisition sequence 
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The purpose of these general examples show that there is a significant number of ways to 
fixture or orientate a part in order to change the range of attenuation values the detector will see 
throughout the rotation.  Some configurations will be more advantageous than others by reducing the 
attenuation range while others will be impractical.  Factors such as time constraints to design and 
construct a more complex setup and the availability of a higher penetration or dose needed to 
adequately saturate the detector are two examples to provide further thought.   
 

Overall, the concepts described so far represent a two-dimensional understanding on the 
impact the inspection piece shape and its orientation may have on the exposure and resulting 
reconstruction.  However, the same conditions apply three-dimensionally left to right as they do top 
to bottom and front to back when thinking about the relation of the inspection to the radiation source 
and detector.  The complexity of the issues needed to assess, determine and implement an accurate 
and fast method to understanding the implications of what options are chosen or employed can be 
reduced though.  The use of the equivalent thickness calculations found in reference 1 can be used 
to approximate the attenuation of the ray path of a single photon through the highest and lowest 
attenuating cross section within the inspection piece for the given part orientation. Given the 
situations previously shown, the user can determine the basic range of equivalent thicknesses that 
may occur in each projection and resulting reconstruction.  This step can be repeated for any given 
orientation, including tilted subassemblies inside the inspection piece or if assessing whether tilting 
of the turntable is advantageous.  In most situations, only a few of these plug and chug calculations 
are needed to assure the smallest range through the part is found.  In general, this will likely be the 
position and orientation that will provide the best achievable image quality based on the 
configuration of the inspection piece.  In turn, the user should understand that the physical 
dimension of length may not be the deciding factor in choosing an orientation.  That tends to be a 
typical habit in industrial radiography primarily stemming from the geometric unsharpness and 
parallax issues that go along with a two-dimensional overlay. 
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Overlaying Compromise 
 

Further complexities arise when a part contains several materials that cause combined 
attenuation along a ray path.  The attenuation overlays the information that is then back-projected 
across each projection to determine position, size, and specific attenuation (grayscale) values of 
each component (ref. 2).  In certain part designs there may be a substantial number of materials, 
layers, and angles at which the least amount of attenuation and/or smallest range of attenuation 
occurs.  In these circumstances, the other ideal assumptions on scatter, noise, and energy spectrum 
shifts have to be assessed.  Although the most extreme attenuation ranges can be determined by 
short hand calculations or with modeling and simulation.  Some general rules can be applied that 
consistently provide a constructive direction to follow in achieving the most practical and optimal 
radiographic technique:   
 

¶ Minimize the difference between the minimum and maximum attenuation through 
the part by flattening the range of contrast produced by the detector (e.g., by using 
inline beam filters). 

¶ Ensure adequate penetration through the thickest/densest ray path by obtaining a 
sufficient signal to noise ratio (SNR).  If lower attenuation materials become over 
saturated as a result, additional inline beam filtration can help balance the contrast 
with the thicker assemblies (refs. 3, 4, 5, and 6). 

¶ Balance the position of the part between being off axis from the centerline rotation 
of the turntable while not increasing the total open FOV during the rotation. This can 
be accomplished using shutters, masking, collimation, or a combination of the three. 

¶ Maintain rigid stability of the part during the acquisition cycle to minimize vibration 
and movement of the part in relation to the system. 

¶ If the part is symmetric on the exterior but is known to have layered materials 
internally, select the orientation with the smallest maximum attenuation ray path.  In 
some cases, this practice may seem unconventional and result in imaging through 
the long axis of the part.  However, in the assessment section, substantiating 
evidence will show why this is not always the case.  

¶ In specialized parts such as compact circuitry, use an additional tilt of the rotational 
table to allow more access to image in-between or around high attenuation regions 
such as solder joints or precious metal coatings.  Care should be taken to balance 
between gaining ray trace access around these regions and causing a higher total 
attenuation of the surrounding materials or casing that may reduce the SNR and 
overall contrast to noise ratio (CNR). 

¶ Use a balance of the smallest spot size while still maintaining the nominal 
penetration and exposure needed through the part and on the detector.  In addition, 
the total unsharpness, effective resolution, apparent parallax [Feldkamp limit (ref. 
2)], contrast resolution, and overall image quality requirements should be verified for 
conformance. 

¶ If only a portion of the inspection piece is actually under investigation, increase 
physical magnification such that only the area of interest is within the FOV to 
increase the relative spacing between layers and overlapping subcomponents. 

¶ Perform a short acquisition and reconstruction in two orthogonal orientations to 
qualitatively and quantitatively assess if one is better than the other or if another 
orientation would comprise between them.  Perform the hand calculation using the 
ideal attenuation formula, using the highest attenuator per subassembly as the 
baseline for each layer within the entire piece, and checking for at least two 
orthogonal ray traces. 
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Additional Considerations 
 

In regard to using rotational table tilt, several other factors and variables have to be taken into 
account.  As a greater angle of tilt is added, the more sound the fixturing is needed to keep the part 
stabilized.  This can sometimes cause issues if the fixturing overlaps the region of interest or causes 
additional artifacts to occur.  Using the tilt option will also cause a larger FOV to be needed since the 
total circumference (width) of the rotation will be larger.  Unless the system in use has a variable 
collimation device to track with the inspection piece to sustain a constant FOV during the rotation 
and acquisition cycle, additional noise will occur within the final reconstruction.  This is primarily due 
to the open regions of the FOV allowing more scattered radiation into the image.  The added open 
field may also cause issues when the dose needed to image the part exceeds the saturation limit of 
the detector.  In general, the smaller the FOV, the lower the dose to the detector is and the higher 
the power can be used to image through the part.  This in turn allows greater penetration and/or 
exposure in the area of interest.  In some cases, these characteristics are more important than the 
added benefits of adding tilt. 
 

When using or discussing helical acquisitions, the constraints to the FOV are also a factor in 
image quality but primarily in the vertical direction or in the direction of translation across the 
detector.  The best attempt should be made to ensure the beginning and end of the rotation do not 
contain excessive amounts of open field exposure.  Depending on part design and area of interest, 
sometimes this is unavoidable.  However, increasing physical magnification, changing the starting 
and ending height, and collimating down the FOV can assist in reducing the noise within the final 
reconstruction.  The inherent motion involved in helical CT allows a greater access of photons to 
travel around the subcomponents of a given assembly.  In some cases, the added parallax at the 
ends of the FOV assist in decreasing the effective attenuation length of the part by transmitting 
through it on an angle into the detector.  Other instances allow optimized alignment of each interface 
across the mid-plane of the reconstruction.  This reduces geometric distortions, artifacts such as 
beam hardening, and vastly reduces the acquisition time.  In the case of this report, the helical 
method of CT was not reviewed; however, supporting information on the benefits and tradeoffs of 
using various acquisition techniques in CT can be found within reference 7. 
 
 

QUANTATIVE ASSESSMENT OF A COMPUTED TOMOGRAPHY PHANTOM INSERT 

 
Computed Tomography Hole Phantom Insert 
 

The first example to show the differences in the concepts of different reconstruction 
outcomes as attributed to the orientation is provided in this section.  A standardized CT phantom 
insert tool was used to quantify the differences in the SNR, CNR, and spatial resolution.  The hole 
sizes in the phantom from largest to smallest are 1.75, 1.5, 1.25, 1.0, 0.75, 0.61, 0.5, 0.4, and  
0.2 mm in diameter/thickness.  They are listed respectively as 1 through 9 in the following graphical 
examples.  Figure 4 shows photographs of the two orthogonal orientations tested in respect to the x-
ray source, detector, and turntable.  The centerline of the phantom was placed at approximately the 
same position for both setups to reduce any variation caused by the polyenergetic beam, gain and 
offset corrections, and geometric calibrations that carried through the experiment.  Additional 
information on the hole phantom insert under test can be found in reference 7 of this report. 
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 (a)  (b) 
 Vertical (x-axis)  Horizontal (x-axis) 

 
Figure 4 

Photographs showing a CT phantom in two tested part orientations 
 
Spatial Review of the Hole Phantom (Side/Sagittal View) 
 

The spatial and contrast resolution of the reconstructions of this report were assessed using 
several tools including line profiles, SNR, CNR, contrast sensitivity (CS), and modulation transfer 
function (MTF) measurements in specific ROIs.  The first evaluation was performed using a line 
profile across the long axis of the holes for each set of thicknesses.  Figure 5 shows the slice plane 
for each of the nine sets for the vertical orientation while figure 6 shows the nine sets in the 
horizontal positioning.  The alignment of each slice was completed manually, and the best attempt 
was made to slice through the center of each hole to assure accuracy of the measurement.  In some 
cases, the entire length of the holes were not visible so the area that most clearly showed the 
cavities was used.  A note to make is that the terms side view and top-down view are used 
throughout this report for ease of understanding; however, the correct technical terminology is 
sagittal and axial, respectively. 
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Figure 5 
Side-view perspective of the CT hole phantom: vertical orientation (x-axis) 

 

 
 

 
 

 
 

Figure 6 
Side view perspective of the CT hole phantom: horizontal orientation (x-axis) 
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The graphical plots of the line profiles for the two orientations are shown in figure 7.  From 
this data, it is known that the mean signal obtained through the horizontal orientation and the noise 
that reduced the detection of the holes past set 7 were higher (0.5 mm).  The smoothness of the 
curves for each hole was also noticeably more inconsistent in the horizontal position, which likely 
occurred as a result of increased noise and lower contrast between the holes and the interior of the 
insert in comparison to the vertical setup.  Both orientations had limitations reliably detecting the 
separations below set 7. 
 

 

 
 

Figure 7 
Line profile measurements (grayscale value versus pixel location) across each set of resolution 

holes in the side-view perspective of the phantom: horizontal (x-axis) orientation in blue and vertical 
(x-axis) orientation in orange 

 
 
 
 
































